Thin films of copper selenide (CuSe) were physically deposited layer-by-layer up to 5 layers using thermal evaporation technique onto a glass substrate. Various film properties, including the thickness, structure, morphology, surface roughness, average grain size and electrical conductivity are studied and discussed. These properties are characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), ellipsometer and 4 point probe at room temperature. The dependence of electrical conductivity, surface roughness, and average grain size on number of layers deposited is discussed.
Introduction
Copper selenide compounds with semiconductor behavior have attracted attention due to its special photoelectrical properties and extensive application in the field of electronics and optoelectronics devices [1] . Various applications such as solar cells [2] , optical filter, superionic conductors [3, 4] , thermoelectric converters [5] , photo-detectors, electro-conductive electrodes, microwave shielding coating [6] , photovoltaic cells and Shottkydiodes are associated with these metal chalcogenide compound [1, 7, 8] . These have resulted in a great deal of research being done to study the production and characterization of the chalcogenide thin films [9] .
Several techniques for producing CuSe films have been adopted [10] [11] [12] [13] . In this paper, we report the preparation of CuSe thin films onto a glass substrate by thermal evaporation technique and its characterization through Xray diffraction, atomic force microscopy (AFM) and electrical conductivity measurements. An attempt is made to correlate the layer-by-layer coating of the film and the observed results. The purpose of this work is to evaluate the role of the layer-by-layer coating and film thickness leading to the formation of CuSe compound which is necessary to maximize the fabrication, sensitivity and reproducible condition in the solar energy conversion and energy efficiency studies. The information obtained from this fundamental study will establish a foundation for high quality chalcogenide thin film production.
Methodology
CuSe thin films have been deposited layer-by-layer onto a glass substrate by thermal evaporation technique (Auto 306 Edwards) under vacuum of 2.0 × 10 −5 mbar using copper (II) selenide 99.5% metal basis powder (Alfa Aesar) which was used without any further purification or drying. A small quantity, 0.05 g of source material was loaded into a clean tungsten boat for evaporation. Before deposition, the glass substrate was cleaned in acetone and dried in hot air. The substrate was then placed on the substrate holder positioned at 10 cm from the source. The evaporation took place in an upward direction and the substrate was suspended from above. Prior to deposition, the chamber was evacuated by a rotary pump and an oil diffusion pump to a base pressure of 2.0 × 10 mbar as the pressure rose slightly during the actual evaporation. The glass substrate used was nominally at room temperature. The temperature rise of the substrate as a result of radiative heating by the crucible was negligible since the deposition process took only about 40-60 seconds to evaporate the complete amount (0.05 g) of CuSe. The deposition was done in vacuum by slowly increasing the current (≈15 -25 mA) to heat the tungsten boat until evaporation was reached. After every deposition layer of the CuSe, the substrate was allowed to cool under vacuum over a period of 30 min before the evaporator was brought up to atmospheric pressure by letting air into the system. A total of five layers were deposited sequentially on to the substrate.
The structures of the deposited films were characterized using an X-ray diffractometer (PANalytical X'pert PRO PW3040). The diffraction patterns were then compared to the patterns found in the JCPDS index. The characterization of surface morphology of the CuSe thin films was studied by atomic force microscopy (AFM) technique (Quesant Q-Scope 250) in tapping mode at ambient temperature. The thickness and optical constants of the layer-by-layer films were determined by ellipsometry technique [14, 15] at room temperature. The ellipsometer (ELX-02C, DRE, Germany) was set at an incidence angle of 70 and using a He-Ne laser (638 nm wavelength) as the light source. The thickness and refractive index were determined from the experimental values ψ and ∆, where ψ is the arctangent of the relative alteration of the amplitude ratio of the electric field strength vector components parallel and rectangular to the plane of incidence caused by reflection and, ∆ is the relative phase shift of the electric field strength vector components parallel and rectangular to the plane of incidence caused by reflection. Several measurements were taken at different sample orientations to verify the in-plane isotropy of the films. The experimental data were fitted to a three layer model (ambient air/ film/ substrate) to obtain the refractive index and thickness of the materials. The electrical properties of the film under study were investigated by using a standard collinear four point probe technique. Currents were applied to the films using a source measure unit (Keithley 236) and the resulting potentials were measured using a voltmeter (Picotest, M3500A) with an accuracy of ± 0.001 mV. The surface resistivity of the CuSe was calculated using the expression [16] ;
where
s is the spacing of the probe in cm, I the test current, V the measured voltage and L the thickness of the film. The surface conductivity, σ was calculated from σ = 1/ρ. Fig. 2 shows the XRD spectra of the CuSe films prepared by thermal evaporation technique. All peaks obtained were well matched with those of copper selenium with hexagonal system found in JCPDF data (File No. 49-1457). There were no unassigned or additional peaks observed although the peak intensity was lower for the thinner films. The thinner film also showed little crystallinity but improved with increase in the layer of the film. The improvement in crystallinity of films with increasing thickness was also reported by Mane et al. [21] . The observed broad hump in the XRD spectra corresponded to the structure of the amorphous glass substrate.
Results and discussion
The surface morphology of the CuSe films has been investigated using AFM and shown in Figs. 3(a) and (b) represent two and three-dimensional AFM images of 1 layer and 5 layers of the CuSe film deposited on glass slides with scan area 2 µm × 2 µm. The profile diagram of the AFM image showed that the deposited films have a smooth surface with the root mean square (rms) roughness and mean roughness as shown in Tab. 1. The rms and mean roughness decreased as the number of layers increased. The decrease in the roughness might be due to the continuous overlapping of the CuSe film on the glass substrate. For multilayer films, it has been found that the roughness evolution is more complicated due to the existence of many buried interfaces. The surface roughness of a multilayer film depends not only on the growth time or film thickness, but also on the multilayer thickness and the thickness ratio between adjacent layers. These results imply that the buried interfaces play an important role in the surface growth of multilayer films and the evolution of roughness at the interfaces [22] . The AFM topography revealed that the film was uniform and the surface was well covered by spherical or elliptical grains. It was also found that the average grain size increased with increasing layer. This could be due to the formation of surface grains by the agglomeration of a number of smaller crystallites. As the number of layers increased, the grain size of the film increased which led to the increased in the crystallinity and orderliness of the films as observed from XRD studies.
The dependency of electrical conductivity of the CuSe film on the number of film layer is presented in Fig. 4 . The electrical conductivity of CuSe films was determined to be in the range of 4.51 x 10 3 to 6.67 x 10 3 S/cm. The effect of film thickness or number of film layer on the electrical conductivity is fundamentally affected by the density of crystal defects, such as vacancy, grain boundary, grain size and film surface [23] which might capture or scatter carriers [24, 25] . The increase in the layer of CuSe films might increase the amount of the crystal surface defect which would reduce the carrier mobility and the electrical conductivity even though the carrier concentration could increase as the number of layer increases. In addition, the layer-by-layer coating of the film will also result in the formation of trapping states. These trapping states are capable of trapping carriers and thereby immobilizing them. This reduces the number of free carriers available for electrical conduction. After trapping the mobile carriers, the traps become electrically charged, creating a potential energy barrier which impeded the motion of carriers from one crystallite to another, thereby reducing their mobility [26] . From the AFM results, the average grain size increased as the number of layers increased. As a result, the grains on the surface of thicker films contained more grain boundaries. The grain boundary which consists of a couple of atomic layers of disordered atoms will produce a large number of defects. These scattering reduce the mean free path of the carrier, thereby leading to a decrease in conductivity [27] .
Efforts have also been made to deposit a single layer of CuSe film equivalent to the thickness of 5 layers CuSe film as reported above. Due to the limitations of our Umangite, which belongs to the tetragonal system. The phase appears to have a better crystallinity with higher intensities as compared to the film deposited at 5 layers. This result has opened a new avenue for further studies which will be explored in the future.
Conclusion
Layer-by-layer copper selenide thin film has been physically deposited via thermal evaporation technique. The XRD pattern revealed that CuSe compound which belongs to the hexagonal system has been obtained. The film showed an increase in the crystallinity with increased deposition layers. The AFM images showed that the deposited films have smooth surface with root mean square (rms) roughness and mean roughness of the films in the range of (1.97 -4.356) nm and (1.586 -3.56) nm respectively. It was found that the rms and mean roughness value decreased while the average grain size increased as film thickness increased. The electrical conductivity of CuSe films measured was in the range of (4.51 -6.67) × 10 3 S/cm. The variation of the electrical conductivity of the CuSe films was found to depend on the number of films deposited.
